ABSTRACT The functional mechanisms of noncompetitive blockade of the nicotinic acetylcholine receptor from the BCsH-1 cell line were examined using singlechannel currents recorded from cell-attached patches. Channel open times were distributed as sums of two exponentials and the closed times as sums of at least four exponentials. The single-channel currents of the receptor were analyzed in terms of activation schemes in which the receptor exists in two open states and a number of closed or blocked states. The existence of two distinct open states for the acetylcholine receptor allows for predictions to be made that will distinguish between different mechanisms of blockade. Notably, predictions could be made based on the model for the sequential block of open channels, that would allow us to discriminate such a mechanism, even for ligands that appear to dissociate so slowly that sequential openings of the same channel do not appear as distinct bursts. Four noncompetitive blockers of the acetylcholine receptor were studied: tetracaine, phencyclidine, and the (+) and (-) isomers of N-allylnormetazocine (SKF-10047). All four of these ligands decreased the duration of single-channel currents without increasing the number of fast closures per burst. The data suggest that the ligands block the channel in at least two distinct ways, one of which involves a specific interaction with open channels and the other is most consistent with the blockade of channels that may be either open or closed. In addition, the duration of the open state may be allosterically lengthened by the interaction of certain blockers with another class of sites.
INTRODUCTION
The nicotinic acetylcholine receptor (AChR) of the neuromuscular junction is a multisubunit protein with an integral ion channel. From enhanced electron microscopic images, the five subunits (a, /~, ~, and ~ with 2 a subunits per receptor) appear as a rosette with the ion channel in the center (Brisson and Unwin, 1985) . The gating of currents through these channels depends on the presence of ligands, such as ACh, whose binding to specific sites on the a subunits leads to the opening of the channel.
Other types of ligands that bind to the receptor but do not cause activation fall into two broad categories: competitive antagonists, such as n-tubocurarine, that compete with ACh for the same sites but are ineffective at opening the channel, and noncompetitive blockers that affect function and bind to sites distinct from the agonist sites. The noncompetitive blockers constitute a heterogeneous group of ligands that have diverse effects on the function of the AChR (for review see Lambert et al., 1983) , including effects on ion currents and the binding of other ligands. Effects of noncompetitive blockers can be observed on the macroscopic properties of receptors in membrane preparations and upon currents that flow through the individual receptors observed in patch-clamp experiments. Some of the effects of noncompetitive blockers include an increased rate of desensitization (Carp et al., 1983; Heidmann et al., 1983) , shifts in the conformational equilibrium of the receptor (Changeux, 1981) , a decrease in the apparent mean channel lifetime (Neher and Steinbach, 1978) , and a decrease in the end plate current (EPC) decay time constant (Aguayo et al., 1981) .
The diverse effects of these ligands could arise either from multiple sites on the receptor molecule for these agents or from effects on different conformational states of the receptor. In this regard, several studies have shown that agents such as phencyclidine, chlorpromazine, and several local anesthetics have a high affinity binding site as well as a larger number of low affinity, lipid-associated sites (Heidmann and Changeux, 1979; Cohen et al., 1980; Heidmann et al., 1983) . Both the low and high affinity sites seem to be capable of modifying the conformational state of the receptor molecule and, in some cases, producing cooperative effects on changes in receptor conformational states (Sine and Taylor, 1982; Heidmann et al., 1983) . The use of photoaffinity labels has suggested that the high affinity binding site may be near serine 262 of the fi subunit (Giraudat et al., 1986) , with possible contributions from the other subunits (Oswald and Changeux, 1981; Cos et al., 1985) .
The suggestion has been made that the high affinity site for these blockers is within the ion channel itself and that the inhibitor, upon binding, blocks the channel. In many, but not all, cases, the binding of noncompetitive blockers is enhanced by the rapid addition of agonist, which is consistent with the possibility that the ligands may have the highest affinity for the open state of the receptor. In the presence of blockers, such as the local anesthetic QX-222, the channels flicker rapidly between open and closed (or blocked) states (Neher and Steinbach, 1978) . Kinetic analysis of such records supports a model for the sequential block of open channels, with the blocker specifically associating with the open state and with the channels restricted from going to the normal closed state while blocked. The total open time per burst remains constant but the duration of the burst lengthens in proportion to the time that the channel spends in the blocked state.
In the presence of a blocker such as QX-222, brief closures, which appear within bursts of current, and increase in frequency as a function of antagonist concentration, are associated with blocked states of the receptor. The gaps associated with channel blockade, however, can only be identified in single-channel records if the antagonist unbinds from the channel very rapidly, i.e., has a fast unblocking rate. In this paper, we describe in detail the effects of four different noncompetitive block-ers that all appear to have relatively slow unblocking rates but which have different properties of binding to the AChR.
The noncompetitive blockers used in this study were: phencyclidine (PCP), tetracaine, and both the (+) and (-) isomers of N-allylnormetazocine (ANMC, SKF-10047). PCP was chosen because it exhibits a high selectivity for the site for noncompetitive blockers in binding studies and binds with tenfold higher affinity in the presence than in the absence of cholinergic agonists (Oswald et al., 1984) . Tetracaine was used because, unlike PCP, it binds to the AChR with lower affinity in the presence than in the absence of agonists (Stmad and Cohen, 1983) . Finally, the two isomers of N-allylnormetazocine interact both with the AChR and acetylcholinesterParallel Block of Single Channel Currents ase (Coleman et al., 1987) in a stereospecific manner (the (-) isomer is of two to threefold higher affinity than the (+) isomer). The binding of these isomers to the AChR is of relatively low affinity (4-15 #M) and the affinity is increased by less than twofold by carbamylcholine . All four of these ligands decreased the duration of single-channel currents without an increase in the type of fast closures that would be observed with local anesthetics such as QX-222. Possible mechanisms for the decrease in the apparent duration of channel openings are considered in terms of the activation mechanism of the receptor, models for channel blockade, and possible allosteric interactions. We use the existence of two distinct open states of the receptor to test specific predictions of sequential block models.
An alternative model of parallel block is proposed that makes predictions that better fit the data for two of the ligands tested. A parallel block assumes that the blocker can associate with either the open or closed state of the receptor and that the binding of the blocker prevents the flow of current but still permits the conformational changes associated with gating of the channel. The single-channel currents observed represent times when the channel's gate is open and there is no blocker bound. We may refer to these events as conductance intervals. A conductance interval begins when either unblocked channels gate to the "open-gated state" or when channels that are in the "open-gated state" dissociate the blocker, see Fig. 1 . The predictions of this model and that of the sequential blocking model are summarized in Table I for ligands with fast or slow dissociation rates.
We make two basic assumptions for the analysis presented. We assume that a ligand with a sequential blocking mechanism has a high affinity for the open state of IA small increase in the percentage of long bursts may be indicated if openings appear to be in isolation. **New closed times may appear and the number of such closures will be limited by the number of blockages that can be resolved within bursts of normal duration. **If the off rate of the blocker is much slower than the normal frequency of activation, prolonged closed times may appear.
the receptor, and that the affinity is the same for both long-lived or short-lived open states. A sequential mechanism implies a binding site within the channel itself, and the fact that the channel conductance is the same for both the brief and the longlived open states implies that the conformation of the channel itself is the same in either open state. The second assumption is that the currents observed arise from a homogeneous population of receptors, especially in regards to their interacdons with the ligands tested. Steinbach's (1986b, 1987) analysis of single-channel currents from the BC3H-1 cell line provide good evidence for the brief and the long-lived open states arising from a single population of receptors.
MATERIALS AND METHODS

Tissue Culture
All experiments were conducted using BC3H-1 cells obtained from American Cell Type Culture Association (Rockville, MD). Cells were grown and maintained in Dulbecco's Modified
Eagle's Medium with 10% fetal calf serum (without antibiotics) at 37"C in 10% COp and passed weekly. After enzymatic dissociation of the stock cultures, an aliquot of cells was centrifuged, resuspended in growth medium, and plated on 35-rnm dishes to be used for experiments. After 1 d, these cells were rinsed with a low serum medium (0.5% fetal calf serum) and subsequently maintained in low serum medium (Olsen et al., 1983) . Cells were used for recording 8-18 d after the serum change with medium changes every 4-5 d.
Recording and Analysis of Single-Channel Records
All records were obtained at room temperature (22-24"C) using the cell-attached recording configuration (Hamill et al., 1981) with patch-clamp electronics (10-Gfl probe) (DAGAN Corp., Minneapolis, MN). A modified Ringer's solution consisting of 147 mM NaCI, 5.4 mM KCI, 1 mM MgCI~, and 10 mM HEPES was used both in the bathing medium and inside the pipette (4.0 t~M tetrodotoxin was included in the pipette). ACh and noncompetitive blockers, when included, were added to the pipette solution. Except where noted, the effects of noncompetitive blockers were tested in the presence of 100 nM ACh. When used, alpha-bungarotoxin (a-Bgt) was added to the cultures 30 min before the onset of recording. Experiments in the absence of ACh were performed with either an electrode holder never used with ACh or with a holder soaked for 24 h in l-liter aliquots of distilled water with several solution changes. Pipettes were constructed from borosilicate glass (TW 150-4; World Precision Instruments, Inc., New Haven, CT) and coated within 50 ~m of the tip with Sylgard. The initial resistance of the fire-polished pipettes ranged from 4 to 8 Mfl. In the experiments done in the presence of highest concentration of PCP (20 t~M), patches were very unstable and it was necessary to use pipettes that were not Sylgard coated. The use of uncoated pipettes gave more stable, although noisier, recordings. Therefore, the records obtained with uncoated pipettes were filtered at 2.5 kHz for analysis; all other records were filtered at 10 kHz using a Krohn-Hite filter (Avon, MA) and stored on FM tape. The data were digitized at an effective rate of 40 kHz using a PDP 11/24 computer (AR11 analog-to-digital converter). Using software written in assembly language, channels were detected by a simple threshold crossing algorithm with hysteresis (i.e., the displacement for determining an opening transition was the same as that for detecting a closing transition. In most cases, the threshold for an opening transition was 0.7 of the channel amplitude, and the threshold for the closing transition was 0.3 of the channel amplitude.) Then the channels were viewed on a monitor before inclusion in the analysis. The distributions of the open and closed events were analyzed on Micro VAX I and II computers (FORTRAN-77 programs developed in the laboratory) using the maximum likelihood criterion (Colquhoun and Sigworth, 1983) for convergence, fitting to one-, two-, three-, and four-exponential models with a Simplex algorithm (Caceci and Cacheris, 1984) . In all cases, maximum likelihood fits were made to the individual durations. The minimum detectable event, given the characteristics of the amplifier, the filtration, and the analysis system, was found experimentally to be 50 #s. Using this value (t .~), the maximum likelihood fits were corrected as described by Colquhoun and Sigworth (1983) . Values reported represent the means _+ SEM for the fits of 3-12 (usually 5-8) records obtained under the same experimental conditions.
Burst analysis was conducted as described previously (Papke and Oswald, 1986; Papke et al., 1988) to define channel openings that occurred in groups of one or more (Sakmann et al., 1980) . The time interval for defining a closure within a burst (t~) was determined by systematically testing intervals between 0 and 20 ms and calculating the mean "burst duration" for one-and two-exponential models. The time constants for the burst duration distributions were then plotted as a function of the time interval. In all cases, the closures within a burst were much shorter than closures between bursts, so that the calculated time constants reached a plateau. The time interval determining a closure within a burst was then defined as the first point after which the plateau occurred (typically 1 ms).
Unless otherwise stated, the data presented were obtained at a holding potential of 80 mV hyperpolarized from rest. The voltage dependence of burst duration was examined by recording at holding potentials between 120 and 60 mV hyperpolarized from rest, and between 80 and 120 mV depolarized from rest. Burst durations at voltages other than 80 mV hyperpolarized for each patch were then normalized to the value observed for that same patch at 80 mV hyperpolarized. In this way, the data obtained from multiple patches could be pooled for each experimental condition. Voltage dependencies can be described by their characteristic voltages, that is, the potential difference required to see an e-fold change under a given set of conditions. The greater the voltage dependence, the smaller the characteristic voltage, so that voltage dependence scales as the inverse of the characteristic voltage. To illustrate the relative voltage dependence of burst duration under various experimental conditions, data were normalized to the voltage dependence in the presence of 100 nM ACh alone and plotted as control characteristic voltage/characteristic voltage vs. ligand concentration.
RESULTS
Single-Channel Conductances
Control conditions. Three types of channels were repeatedly observed in these cells. In the presence of ACh, the vast majority of single-channel events could be attributed to an AChR channel of 50 + 10 pS with a reversal potential of 20-30 mV depolarized from rest. Events of brief duration, r = 0.5 ms, and similar conductance were observed very rarely (no more than one per minute) in the absence of agonist and not at all in cells that had been previously exposed to a-Bgt, which suggests that they might represent extremely rare spontaneous openings of the AChR channel. In general, 50-pS events required the presence of agonist and in all cases were blocked by a-Bgt. Another channel that was observed in ~20% of the patches had a conductance of ~20 pS and a slightly more hyperpolarized reversal potential. These channels could be observed with equal probability after exposure to 0t-Bgt or in the absence of agonist and were, therefore, assumed not to be a class of AChR. This channel may be the same as the 27-pS nonselective cation channel described by Sheridan (1986) . These currents were below the amplitude threshold for selection of events and so were excluded from the analysis. A third type of channel had an extremely low conductance, appearing as bursts of noise, and showed a reversal potential depolarized 50-70 mV from rest. Activity of this sort was inhibited by holding the patch at a depolarized potential for several seconds and then repolarizing the patch, or by including tetrodotoxin at relatively high concentrations (> 1 ~M). Only the 50-pS channel was studied in detail, and it is the channel referred to exclusively throughout the remainder of this paper. Under control conditions, the recordings represented stationary conditions, and the frequency of events did not change significantly (P > 0.05) during a record. Event frequency was tested by a regression analysis of burst frequency vs. time during a record. The slopes obtained were not significant and were equally positive and negative. Single-channel currents were ~5 pA at a holding potential 80 mV hyperpolarized from rest.
Effects of blockers.
None of the ligands tested had a significant effect on the mean channel conductance. In both the presence and absence of these noncompeti-tive inhibitors, the current-voltage relationships were linear in the range from 100 mV depolarized to 80 mV hyperpolarized relative to the resting potential, with a slope of 50 + 0.5 pS. In some cases when recording in the presence of high concentrations of blocker (e.g., >5 #M PCP or ANMC), an increased activation of some of the low conductance channels was observed. This often made recording ACh currents difficult or impossible, particularly at depolarized potentials.
Open Times and Burst Durations
Openings of the channel occur as groups of one or more events, referred to as bursts. Due to the limited temporal resolution of the recordings and the analysis (t.~n = 50 ~), some fast closures are not resolved and, therefore, the measured open times are overestimates of the actual duration of elementary open events. The complete closed time distribution, as fit by the maximum likelihood analysis, takes into account those events faster than t~ (Colquhoun and Sigworth, 1983) and indicated that only ~60% of all fast gaps (those longer than t'mm) are directly detected, with multiple openings separated by fast gaps shorter than tn~ appearing as single events. Burst analysis provides a method to describe the durations of groups of openings that is not biased by the presence of fast closures, since burst durations include both resolved and unresolved fast closures less than some minimum time to.
Considering closures <1 ms to be intraburst closures, the average number of openings per burst was less than two for all of the conditions tested (see Table III ), i.e. even in the presence of blockers an average of less than one fast closure (< 1 ms) per burst was observed. The number of fast closures per burst decreased in the presence of each of the blockers tested, and both open times and burst durations were shorter in the presence of blockers (see also the section on closed times). Since burst durations are more easily interpreted, the effects of the noncompetitive blockers are expressed in terms of burst durations.
Control observations. When recordings were made in the presence of ACh alone, the open times and burst durations could be fit with sums of two exponentials (Fig. 2) . For open times the time constants were 7~ = 0.20 • 0.01 ms and ~'~ = 10.6 • 1.0 ms, and for burst durations the constants were ~b~ = 0.21 • 0.01 ms and ~'b~ = 14.5 • 1.7 ms (Fig. 3) . Burst durations did not appear to be affected by agonist concentration. The ratio of slow to fast events (A,/Af), however, increased with increasing ACh concentration up to 2 #M (Fig. 3) . The faster events represented 46 • 3% of the burst distribution at 100 nM ACh, which was the concentration of agonist used in most experiments on the effects of noncompetitive blockers.
Effects of tetracaine. The effect of varying concentrations of tetracaine on the apparent elementary open time distributions and burst durations was studied at 0 and 100 nM ACh. Burst durations (to = 1.0 ms) at concentrations of tetracaine 10 ~tM and above were essentially identical to apparent open time distributions, suggesting that events occurred in isolation. Fig. 4 shows representative burst duration histograms obtained in the presence of 100 nM Ach and increasing concentrations of tetracaine. The most noticeable effect of tetracaine was to decrease the mean channel lifetime and burst duration for the slower exponential (IC~0 of 5 #M). These results are summarized in Fig. 5 A which shows the dependence of the slower time constant on the tetracaine concentration in the presence of 100 nM ACh. Similar results have been observed using the local anesthetic bupivacaine (Aracava et al., 1984) . At concentrations of tetracaine near the ICs0 (2-10 /tM), open time and burst duration distributions were sums of two exponentials. Although ~'b2 Was decreased, the ratio of slow to fast openings remained the same as the control distribution.
At concentrations of tetracaine above 50 #M in the absence of ACh, 50-pS channel openings were observed that were more frequent than those observed in the absence of both ACh and tetracaine, confirming that tetracaine was capable of act- In each case, the data were obtained at a holding potential 80 rnV hyperl~larized from rest. The number of observed events for each histogram were: 1,083, 20 nM; 909, 50 nM; 1,156, 100 nM; 1,010, 2 #M; 55,t, 10 ~M.
ing as an agonist at these concentrations (see Papke and Oswald, 1986 ; note that at these concentrations tetracaine is capable of inhibiting the binding of a[l~SI]Bgt; Strnad and Cohen, 1983) . The apparent elementary open time and burst duration distributions of tetracaine-induced openings were single exponentials with time constants of 0.25 +_ 0.02 ms at 100 #M tetracaine, decreasing to 0.17 _ 0.01 ms at 200 #M tetracaine. These events were eliminated by pretreatment with a-Bgt.
Effects of ANMC. Both isomers of ANMC were effective in decreasing the duration of both fast and slow duration open times and bursts (see Fig. 6 for distribu-tions observed in the presence of increasing concentrations of (-) ANMC). Most easily detected effects were on the duration of the slow component of the burst duration distributions, with an ICs0 of ~1 #M for both isomers (1.2 • 0.4 for (-)ANMC and 0.9 • 0.2 for (+)ANMC; Fig. 7 ; at 1 ~M the burst duration of the (+) isomer was not significantly different from control, P > 0.2). The block of fast events required higher concentrations. For both isomers, distributions would be well fit to the sum of two exponentials with concentrations of up to 10 ~M. The ratios of slow and fast bursts were also affected by the presence of both isomers of ANMC, with the relative numbers of slow duration events increasing with higher concentrations of either isomer. Effects of PCP. Single-channel currents were recorded in the presence of 100 nM ACh and concentrations of PCP ranging from 10 to 20 /zM. As previously reported (Papke and Oswald, 1986) , concentrations of PCP > 1 #M decreased channel open time, with no significant effect at 1 #M PCP. In these experiments, however, effects of PCP were observed both at concentrations > 1 #M and _< 500 nM. Representative burst duration histograms obtained in the presence of increasing concentrations of PCP are shown in Fig. 8. Fig. 9 , A and B shows the effect of PCP on the duration of the slower and faster components of the burst duration distribu-tion. Significant decreases in burst duration were observed at concentrations of 100 (P < 0.05) and 500 nM PCP (P < 0.05) as well as concentration >_ 2 gM (P < 0.001). At 100 nM PCP, burst duration is decreased to 9.4 _+ .6 ms from the control value of 14.5 +_ 1.7. The relative percentage of slow bursts was also increased in the presence of >2 #M PCP.
The effects of the blockers on open times, burst durations, and the ratios of slow and fast bursts (A,/Af) are summarized in Table II . Plots of reciprocal burst duration vs. antagonist concentration were linear for (-)ANMC, tetracaine, and PCP at 
Closed Time Distributions
Control observations. In the presence of ACh alone at concentrations <1 #M, closed time distributions were fit by four exponentials. A representative histogram is displayed in Fig. 10 a. The bin width is plotted on a logarithmic scale (Sigworth and . With such a plot, the maxima occur at the time constant for each exponential component. Two relatively fast components were observed: cd = 0.041 • 0.003 ms and r162 = 0.57 • 0.12 ms, making up 29 +_ 7% and 5.3 +_ 0.6% of the distributions, respectively. A third component can also be observed (Tr = 5.0 • 0.75 ms at 100 nM ACh), making up <3% of the total distribution. The predominant slow closed times (7r = 120 • 60 ms, in the presence of 100 nM ACh alone) were highly variable presumably corresponding to variations in the numbers of channels in a patch.
To estimate the effect of channel blockers on the closing rates of the channel, the frequency of fast closures was calculated from the total numbers of 7r and *'c2 closures and the total time spent in the open time. Such an estimate of the closing rate is less biased than one based on the apparent open times because it takes into account missed closures by using the reconstructed portions of the closed time distributions less than tm~ (Papke et al., 1988) . For 100 nM ACh alone, the fast closures occurred at a rate of 54 s -1 for time spent in either of the open states (see Table  III ). An increase in the frequency of such fast closures in the presence of blockers would suggest either an increase in the intrinsic closing rate(s) or the introduction of new fast closed (i.e., blocked) states. butions. The frequency of fast closures, however, in the presence of tetracaine actually increases somewhat (see Table III ) but only at concentrations above the ICs0 for the block of show events. Furthermore, with increasing concentrations of tetracaine, the predominant fast closed state was represented by the time constant of rc~ closures (0.6 ms), and the number of ~'c] type closures became very small.
Effects of tetracaine. The
Effects of ANMC.
Closed time distributions in the presence of ANMC were also fit by four exponentials. Two fast components were observed that did not vary in duration and decreased in their relative number (see Table III ) with increasing con-centrations of ANMC. The (-) isomer, but not the (+) isomer, showed a greatly increased rate of fast closures at concentrations above the ICs0 for the block of slow events (see Table III ).
Additionally, in the presence of increasing concentrations of (+) or (-) ANMC, an increasing number of events are fit by an intermediate component of longer duration than the r~ component observed in controls (Fig. 10 C) . At concentrations >_1 #M, re3 was 11.8 -+ 1.3 ms for the (-) isomer and 14.6 _+ 1.6 ms for the (+)isomer, representing 20-30% of the closed times at concentrations >2 #M of either isomer. The relative number of these events increased with the concentration of ANMC up to 2 lzM of either isomer and showed no further increase at higher concentrations. T~a closures may represent time when the channel is blocked by the ligand, and from the duration of these closures, unblocking rates (k_b) of 85 s -1 for the (-) isomer and 69 s -~ for the (+) isomer were calculated. The existence of a component of the closed time distribution associated with the presence of ANMC suggested that some of the openings observed in the presence of ANMC might exist as bursts of openings separated by T~ closures. To define these bunts, a modified form of burst analysis was performed. Using records in which the time constants of the intermediate and long components of the closed time distribution (Tc3 and T4, respectively) were well separated (by greater than a factor of 10) and a time threshold (to) of 30 ms, burst duration histograms were constructed that represented the durations of groups of openings that were separated by closed times <30 ms. The distributions thus constructed were compared with control records analyzed in the same fashion. The control records had only a small portion of closed times fit by a Tea component of shorter durations, and burst frequencies were similar.
Since such analyses of records obtained in the presence of ANMC created a new type of longer burst, distributions contained three exponential components, with a new long component representing bursts in which closed times of intermediate duration had occurred (as well as the presumably random concatenation of a few other adjacent bursts). The histograms generated in this way from control data, however, were only slightly changed from these generated with the normal burst criteria of 1.0 ms, with no significant change in the time constant of the long bursts. 1, and 50.5 +-0.8% of the distribution, respectively. When the data obtained in the presence of ANMC were examined this way, 30.7 _+ 2.6% was fit to the prolonged component, and the duration of this component 0"bS = 15.0 _+ 1.0 ms with >__ 2 #M (-)ANMC) was not different from control burst durations (with tc either 1.0 ms or 30 ms 0" = 14.5 _+ 1.7 or 16.5 • 1.5 ms, respectively). This suggests that the rcs closed times observed in the presence of ANMC represent blockages within bursts of normal duration, i.e., that bursts are not prolonged. The ~'b~ component represents events isolated from other conductance intervals, more events were fit to the With such a plot the various components can be visualized together and the time constants occur at peaks in the distribution. The solid curve through the data represents the four exponential fit obtained by maximum likelihood analysis (three exponential fit in the case of tetracaine) and the dotted lines represent the exponential components to the fit. The major components in the control distribution are the shortest and the longest closed times. In the presence of tetracaine, the relative numbers of brief closures are much fewer. In the presence of ANMC, the intermediate component, Tea ~ 14 ms, appears as a distinct shoulder on the peak associated with the longest closed times. All closed times including gaps between bursts are shown. a correlation analysis (Jackson et al., 1983, Sine and Steinbach, 1986b) was conducted to determine whether closures fit to this time constant occurred randomly between either the faster or slower openings or preferentially between slower openings. Closed times were identified as rcs closures and openings were judged as being either fast or slow with the expected values corrected for misclassifications and the loss of events through the limited temporal resolution. X ~ analysis then rejected the hypothesis (P < 0.01) that the closures occurred at random between openings, indicating rather that they occurred preferentially between pairs of the slow openings.
Effects of PCP. PCP had no significant effect on the time constants of the closed time distribution at concentrations < 1 #M. Above 1 #M, a very long component of the closed time distribution was observed, which may represent either very long periods of blockade or increased equilibrium desensitization. When fit to a four-exponential distribution, the longest time constant (r was on the order of several seconds and increased with increasing concentration of PCP (data obtained with uncoated pipettes, see also Papke and Oswald, 1986) . The value of the next longest time constant was similar to the longest time constant observed in control distributions 0"cs = 54 _+ 20 ms in the presence of 10 #M PCP; ~'r = 120 + 60 ms, in controls), and the area represented by this component decreased with increasing PCP concentration.
The relative number of fast closures in the closed time distributions also decreases in the presence of PCP (see Table III ); however, a small increase in the frequency of fast closures is observed at high concentrations, above the IC50 for the block of slow events.
The effects of the blockers on long-lived closed times (> 1 ms) are summarized in Table II , and effects of the blockers on the frequency of brief closed times are indicated in Table III .
Voltage Dependence
Control observations. In the presence of 100 nM ACh, burst duration increased with increasing hyperpolarization, having a characteristic voltage of 126 _+ 10 mV. The effect of voltage on burst duration was greatest in the presence of low concentrations of agonist (see Fig. 11 A) . The frequency of bursts was also influenced by voltage as well as the concentration of agonist. At low concentrations of agonist, bursts were more frequent at hyperpolarized potentials. At higher concentrations of agonist, the burst frequency became less sensitive to voltage, and at concentrations of ACh > 1 #M, bursts were more frequent at depolarized potentials (Fig. 11 B) . In the presence of 20 nM ACh, an e-fold increase in burst frequency would require 175 +_ 20 mV hyperpolarization. In the presence of 100 nM ACh, the characteristic voltage was 320 _+ 57 mV.
Effect of tetracaine. The voltage dependency of burst durations 0"b or Tb2) Was modified markedly by tetracaine (Fig. 11 C) . In the presence of tetracaine, the voltage dependency decreased and reversed at high concentrations (>__50 #M), indicat- ing that the blockade is enhanced by hyperpolarization. The effect of tetracaine acting as an agonist at 100 ,M (in the absence of ACh) shows similar voltage dependence of mean burst durations as ACh at 10 nM (data not shown).
Effects of ANMC. The voltage dependence of burst duration (Fig 11, E and F) was decreased by concentrations > 1 #M of either isomers and reversed at higher concentrations. At low concentrations (< 1 #M) of the (+)isomer, the normal voltage dependence of burst duration also appears to be enhanced. The noncompetitive blockers had no effect on the single-channel conductance (tetracaine also acts as an agonist at concentrations >50 #M) but decreased both the apparent mean channel lifetime and mean burst durations at concentrations above 1 #M. A second range of effective concentrations for PCP existed in the nanomolar range, with no effect of 1 lzM PCP, suggesting that the mechanism of PCP's effects may be complex. The effects of PCP and ANMC on the distribution of burst durations differ from that of tetracaine in that, with increasing concentrations of PCP and ANMC, the relative number of bursts fit to the slow component of the distribution increases, an effect that was not observed with tetracaine (see Table II for summary).
Effect of PCP.
(c) The closed time distribution was uniquely affected by each of the noncompetitive blockers, although, in general, the presence of these noncompetitive blockers decreased the relative number of fast closures, so that the number of fast closures per burst was less than that which was observed in controls. The decrease in the number of fast closures per burst indicates that these ligands all had fairly slow unbinding rates at their primary blocking sites. At high concentrations, however, some of the ligands did show an increase in the frequency of fast closures, indicating that another form of channel block with a faster unbinding rate may also exist. In summary, tetracaine's only apparent effect on closed times was to decrease the relative number of fast closures; PCP seemed to prolong the longest closed time as well as to reduce the relative number of fast closures, and ANMC introduced a new component into the distributions. Detailed examination of records obtained in the presence of ANMC suggests that the class of closures associated with ANMC and fit to a ,-~ of ~ 14 ms are blocked periods within bursts of normal duration.
(d) In the presence of agonist alone, burst durations were longer and more frequent at more hyperpolarized potentials and low concentrations of agonist. The normal voltage dependence (especially of the frequency of bursts) was lower at higher concentrations of agonist. In general, the voltage dependency of burst duration was decreased in the presence of noncompetitive blockers. Double exponential apparent elementary open time and burst duration distributions have been observed for most AChR channels that have been studied. Several groups have also reported that the percentage of slow openings increases with increasing agonist concentration (Takeda and Trautmann, 1984; Colquhoun and Sakmann, 1985; Labarca et al., 1985; Papke and Oswald, 1986) . Studying the BCsH-1 cell AChR at 1 l~ Steinbach (1984, 1986a, b) reported that the ratio of fast to slow openings did not vary as a function of agonists concentration; however, working at room temperature, Covarrubias and Steinbach (J. H. Steinbach, personal communication) have recently observed an effect of agonist concentration on the expression of the slow open state. The effect of agonist concentration of the relative expression of the two open states has led to the suggestion (Colquhoun and Sakmann, 1985; Labarca et al., 1985) (Gage et al., 1975; Gage, 1976) to local anesthetics such as QX-222 (Neher and Steinbach, 1978; Neher, 1983) . The interaction of most of these agents with the AChR is influenced by the presence or absence of agonist. Most bind with greatest affinity in the presence of agonist (one exception being tetracaine), and many of the early studies of end-plate currents and single-channel currents suggested specific interactions with the open state of the receptor. A number of these studies were consistent with a sequential model for the block of open channels (see Scheme 2, below; ARB and A2RB represent blocked states). For some substances such as QX-222 (Neher and Steinbach, 1978) , the model seemed to fit well, at least within a limited concentration range (Neher, 1983) . Channel openings were observed as bursts of current, with the channel flickering back and forth between open and blocked states. The fact that these bursts seemed to contain the same amount of total open time as normal bursts suggested a model that restricted binding of the noncompetitive blockers to open channels and required the channel to be in an unblocked state before the channel could close and the agonist could dissociate. The fact that some of these predictions are not satisfied either at high concentrations of certain agents (Neher, 1983) , or not at all by others such as histrionicotoxin (Spivak et al., 1982) , suggests that mechanisms other than sequential channel blockade may exist. The utility of the model, in general, has been limited by the fact that such effects are only clearly observable when the unblocking rate is relatively fast. The unblocking rates that have been attributed to ligands asserted to be sequential blockers have been much faster than the channel closing rates. In the present study, the effects of the four agents suggest that their unblocking rates are at least several orders of magnitude slower than that of a ligand like QX-222. However, by observing the differential effects on the two open states of the channel, results can still be compared with the predictions of the sequential model. A simple sequential model (Scheme 2) of channel blockade predicts that the burst length (bursts in this case defined as the time during which a channel makes transitions between the open, blocked, and fast closed states before returning to the normal long closed state, see Table I ) should increase with increasing blocker concentration and that the average total open time within a burst should be the same in the absence and presence of blocker (Neher and Steinbach, 1978; Colquhoun and Hawkes, 1983) . Also, Scheme 2 predicts that an additional component of the closed time distribution should appear with a time constant equal to the reciprocal of the unblocking rate (1/k_b). If one assumes that the unblocking rate (k_Q is slow and of the same order of magnitude as the apparent opening rate constant (note that this is an apparent opening rate that can be influenced by desensitization, ACh binding, and the number of channels in the patch), a simple sequential block model would Table I for ligands with fast and slow unblocking rates and are also described quantitatively in the Appendix.
Tetracaine does not produce a typical sequential block in that the percentage of slow openings does not increase as rb~ decreases with increasing tetracaine concentration. Because of the long blocked times implied by such a scheme, the processes of ligand binding and unbinding and desensitization can modify the actual state of the receptor between the time that tetracaine binds and dissociates. Thus, the data would effectively rule out the sequential block model for tetracaine in the strictest sense (i.e., the receptor is trapped in the liganded, open, and blocked state until the blocker dissociates) and does not rule out the possibility that the agonist could dissociate or the channel could close before the dissociation of blocker. This suggests that tetracaine is a parallel blocker of the AChR, i.e., the opening and closing of the channel can occur independently of whether or not the blocker is bound. Although the finding that tetracaine is a parallel blocker does not explain why tetracaine exhibits a greater affinity in binding experiments in the absence of agonists, it is consistent with the notion that channel activation is not associated with tetracaine binding.
The effects of both isomers of ANMC are qualitatively consistent with the mechanism of sequential block in that a new component of the closed time distribution is observed and that the ratio of slow to fast bursts increases with increasing ANMC concentration. Two lines of evidence suggest, however, that the data are not quantitatively consistent with the model. The rate of rise of the ratio A,/Af can be predicted (see Appendix) and the ratios observed are not within the range predicted by the model (see Fig. 7 ). Also, the sequential model predicts that the new closed time component, ~'cs, should represent blocked times of the channel. This would mean that if tc for defining a burst duration were set to include most of the Tcs closures, then the time constant for the burst intervals should be correspondingly increased. As described above, this is not the case, which suggests that the channel can open and close while ANMC is bound. Thus, both isomers of ANMC seem to function as parallel blockers, similar to tetracaine. The lack of stereospecific effects of the isomers of ANMC on single channel kinetics (the exception being the increased frequency of fast closures observed with (-)ANMC) is not consistent with the binding data, which predicted a twofold higher affinity for the (-) isomer. On the other hand, the parallel blockade of channel activity is consistent with the small effect of cholinergic agonists on the affinity of both isomers.
The model of parallel block defines those times when the channel's gate is open, and there is no blocker bound, as conductance intervals. A conductance interval begins when either unblocked channels gate to the "open-gated state" or when channels that are in the "open-gated state" dissociate the blocker. The duration of conductance intervals would be exponentially distributed (~i ffi 1 [ol + h+b]), as for any blocked channels. The fact that they may enter the conducting state by more than one kind of transition does not change the kinetics for leaving the state. Clearly some "open-gated states" will not be observed as conductance events at all, especially if the unblocking rate is slow (see Fig. l ). The percentage of the time that the channel is in the open-gated state in the absence of the blocker may be defined as To~. As blocker is added to the bath, the model predicts that the percentage of time in the open-gated state should not change, however, the time spent in conducting intervals (Tci) should decrease. Effectively, every time the channel gates it samples the channel, indicating whether it is blocked or not. In the absence of blocker To = T. and in the presence of blocker Tr should give the percentage of the time that the channel is unblocked. The concentration of the blocker at which Td/Tos = 0.5 should be the Ka. This analysis requires that the blocker not interfere with agonist binding, it therefore might not be suitable for concentrations of tetracaine over 10 ~M, or under other conditions where the blocker is known to affect agonist binding.
Once the model has been used to estimate the/~ of the blocker, the k+b can be calculated from the event duration distribution and k_b can therefore also be estimated. A quantitative test of the model may therefore be made, if an independent estimate of either the/~ or k_b can be obtained. For example, there is an independent way to calculate the Ka for (-)ANMC. By calculating k+b from the event durations (5.8 • l0 T s -1 M-l), and k_b from rs of the closed time distribution (85 s-l), we get an estimate of 1.5 t~M for the Kd. Calculating an average To. from the control data we get 0.1108 _+ 0.025. The average T,~ in the presence of 1 and 2 ~M (-)ANMC, were 0.0721 _ 0.035 and 0.0449 + 0.030, respectively, giving us an average T~ at 2 ~M that is somewhat less than half the normal To,, and at 1 ~M (-)ANMC the T~ is is perhaps somewhat less than the To,, but still more than half the control value. These values then are consistent with a parallel block of open and closed channels by (-)ANMC and a Kd for the blocker between 1 and 2 ~M.
The appearance of an increase in the frequency of fast closures (normalized per second of open time) secondary to effects on burst duration (see Table III ), may indicate that these ligands cause more than one form of channel block. In addition to the slow block observed in the low micromolar concentration range, they may also be capable of fast channel block in a higher concentration range, perhaps due to interactions at another channel-associated site. Alternatively, these fast closures might be due to interactions at the agonist binding site. In the case of tetracaine this seemed quite possible since tetracaine is a weak agonist at high concentrations. Agonists appear to produce characteristic nachlage, fast gaps associated with the closed state immediately preceding (the following) channel activation (Colquhoun and Sakmann 1985; Sine and Steinbach 1986b; Papke et al., 1988) . If at concentrations of tetracaine ~10 ~M, a significant number of events were due to activation of the channel by tetracaine, then the increased frequency of fast closures (T = 0.6 ms) might represent the characteristic nachlage of tetracaine. To test this possibility some experiments were conducted in a tenfold high concentration of ACh (1 ~M vs. the usual 100 nM, data not shown). Under these conditions, far fewer of the currents would be expected to arise from the activation of the channel by tetracaine, yet the frequency of fast closures was unaffected (Papke, 1987) . This suggests that these fast closures were not due to tetracaine's interaction with the agonist binding sites.
PCP exhibits the following major effects: (a) a shorting of the long burst durations at concentrations below 1 ~M, (b) a shorting of both long and short burst durations at concentrations above 1 ~M, (c) an increase in the ratio of the number of short to long bursts at PCP concentrations > 1 ~M, and (d) a lengthening of the long closed duration at concentrations above 1 t~M. The decrease in long burst duration in the nanomolar range and a return to control burst durations at 1 ~M PCP was also observed by Changeaux et al. (1986) for the AChR of mouse C2 myotubes. Likewise, Aguayo et al. (1986) observed a decrease in the open time of AChRs from rat myoballs at 4 ~M PCP.
Taken together these results indicate that PCP can influence the AChR channel lifetime in two concentration ranges, suggesting a complex mechanism of action.
Despite the complexity of the effects observed, several qualitative conclusions can be made. First, at high concentrations, the ratio of the number of slow to fast bursts increases with increasing PCP concentration. This is consistent with the sequential block of open channels, assuming that the unblocking rate is slow relative to the time of observation. This finding is interesting in light of a proposed mechanism for the binding of [sH]PCP to Torpedo electroplaque AChR which, in the presence of cholinergic agonists at equilibrium, suggests that the actual binding event occurs when the channel is activated (Oswald et al., 1984) . Secondly, the increase in the long closed time constant is consistent with the desensitizing effects of PCP (Karpcn et al., 1982; Heidmann et al., 1983; Aguayo et al., 1986) . The shortening of the burst duration of nanomolar concentrations, with a possible increase in duration at 1 /~M, is difficult to interpret. One possibility is that PCP is capable of both increasing and decreasing the burst duration at distinct sites. Such multiple sites may relate to the multiple sites observed in binding experiments (Heidmann et al., 1983) .
In most cases, noncompetitive inhibitors decrease the effect of voltage on burst duration (two exceptions to this generalized effect on voltage dependency may be found in the low concentration ranges of PCP and the (+) isomer of ANMC). The voltage dependency in the presence of ACh alone was extremely complex in that both burst duration and frequency varied with voltage and the cffcct of voltage on these two parameters varied with ACh concentration. The voltage dependency of blockade by noncompetitive inhibitors could indicate that binding sites for these ligands sense a portion of the membrane field, which would reflect sites of blockadc within the channel itself. Alternatively, the inhibitors may modify the normal voltage dependency of the burst duration and frequency of opening observed in the absence of blockers.
In conclusion, these experiments have examined the mechanism of functional inhibition of the nicotinic AChR by noncompetitive antagonists. Three major classes of effects have been observed: (a) a block of the channel consistent with a sequential mechanism in the presence of high concentrations of PCP, (b) a parallel block by tctracainc and ANMC, in which current is blocked by the antagonist and the channel may close while the blocker is bound, and (c) a stabilization of the open channel state by PCP at ~ 1 #M. These findings are in general agreement with binding studies that suggest that these compounds can have multiple effects which arc expressed through multiple binding sites on the ACh receptor.
APPENDIX
Given the simple sequential model for channel blockade shown in scheme 2, the number of openings per burst is given by 1/(1 +xkb/~), where x is the concentration of blocker, kb is the blocking rate, and a is the closing rate of the channel in the absence of blocker (Colquhoun and Hawkes, 1983) . The ratio of "slow" openings per burst to "fast" openings per burst is then given by: By defining P as at/a., the ratio of slow events to fast events (At/Af) in the presence of blocker is given by:
[1 + xkb] L rb~ , P l
